Abstract The incidence of urolithiasis in children is increasing. Adequate knowledge of treatment modalities and surgical options is therefore essential for every pediatrician. Surgical approaches to urolithiasis in children continue to evolve with advancements in technology and sophistication of current equipment and techniques. Perhaps the most significant development in new techniques is the advent of robotic-assisted laparoscopy. This review, for the general pediatrician, summarizes the most recent pediatric data and guidelines for surgical approaches to treatment of urolithiasis.
Introduction
Pediatric urolithiasis continues to be a problem globally. Inadequately treated stones can contribute to infection, chronic hypertension, and renal failure. In 1989, an estimated one per 1,000 to one per 7,600 pediatric hospital admissions in the USA were attributed to urolithiasis [31] . There is a paucity of epidemiologic data, but the literature demonstrates increasing incidence of this disease [33] . Etiology of stones has significant impact on treatment options and varies widely by geographic location. In developing nations, pediatric urolithiasis is endemic and has typically consisted primarily of bladder stones composed of uric acid. This pattern appears to be changing with increasing development [24] . In European countries, struvite stones (magnesium-ammonium phosphate) are frequent and often coexist with infection and abnormal urinary tract anatomy, while in the USA, calcium stones predominate [4, 26] .
A wide variety of treatment modalities exist for urinary stone disease, with current options ranging from noninvasive medical therapy to major open surgical approaches. With recent advances in minimally invasive surgical technology and miniaturization of endoscopic equipment, treatment options continue to broaden for pediatric patients.
Factors considered when selecting treatment for urolithiasis include stone size, location, and composition, as well as patient factors such as age and urinary tract anatomy. Imaging of the patient with a presumed stone must define these parameters, as well as an assessment of the upper urinary tract anatomy. While computed tomography (CT) imaging has been the traditional imaging standard, (Fig. 1) , the level of radiation exposure has raised concerns as to long-term risks. Whenever possible, ultrasound imaging with judicious use of plain imaging can often provide adequate preoperative information (Figs. 2 and 3 ). The ideal goal of treatment is to provide stone-free status safely and quickly, while minimizing invasiveness and anesthesia time. Nonsurgical treatment in children is effective for certain types of stones even in the acute setting [14] , but surgical therapy is often required for refractory or large stones. Regarding surgical treatment, many studies have demonstrated the safety and efficacy of the various treatment modalities, even in infants [29, 34] . However, there is currently a paucity of evidence-based data relating to selection of individual surgical techniques.
Indications for surgery
While the dramatic presentation of incapacitating flank pain and hematuria associated with passage of a stone is seen more commonly in adults, children present with more subtle findings, and presenting symptoms of urolithiasis in children vary with age. Children may present with nausea, vomiting, or even fever without overt pain, and symptoms of urolithiasis in children vary with presenting age. Pain from urinary calculi in infants may present as a urinary tract infection, gross or microscopic hematuria, and even nonspecific pain that may mimic colic. While hematuria may be present in any age group, it may be encountered in children with hypercalciuria, hyperoxaluria, and other metabolic disorders without obvious urolithiasis [17] . Adolescent patients, however, commonly present with classical renal colic. Fortunately, up to 50% of children with urinary calculi will pass the stones spontaneously [22] .
The moment a child presents with a stone episode, a pediatric urologist should be consulted to join the team to aid in further evaluation and treatment. With advancing technology, surgical management of urolithiasis has dramatically evolved in the past few decades; however, essential characteristics of evaluation have remained relatively stable. Clinically, symptoms often dictate the speed at which surgical intervention is considered. Signs and symptoms suggestive of infection such as fever, an elevated white count, as well as a urinalysis indicative of infection are important indicators as are intractable pain, Stone composition influences the effectiveness of lithotripsy whether attempted via percutaneous or extracorporeal approach. The pretreatment knowledge of stone composition allows for a more efficient and appropriate surgical decision algorithm and subsequent treatment. Cystine stones are resistant to extracorporeal shockwave lithotripsy (SWL) treatment and may require a percutaneous or even an open surgical extraction. Uric acid stones and calcium oxalate dihydrate stones are most responsive to SWL, and relatively fragile, while brushite (calcium phosphate), and struvite stones are less responsive to fragmentation [11, 35] . Uric acid stones are radiolucent on routine radiographic imaging and account for approximately 3-10% of all calculi [32] . While excretory urography, retrograde pyelography, and ultrasonography were the modalities of choice used to identify these stones as filling defects or hyperechoic foci, more recently, non-contrast enhanced CT has proven to be an excellent modality to evaluate these particular stones [23] . Although the location and size of the stone may not be an absolute indication for surgical intervention, they certainly play a crucial role in choosing which surgical technique to proceed with. The efficacy of each surgical approach and technique varies greatly depending on the location of the stone, particularly when addressing upper vs. lower tract.
Another consideration is the presence of anatomical confounders, such as special conditions of ureteropelvic junction obstruction and calyceal diverticuli, as well as patients who have undergone previous urological surgeries, such as ureteral reimplantation and urinary diversion. Urolithiasis presenting in a pediatric patient presents a unique challenge, and management must be customized for each individual taking into account the multitude of factors mentioned above.
Surgical options
Advances in the management of urolithiasis in children were revolutionized by the development of SWL in the early 1980s [7] , making it the treatment of choice for most upper tract stones. Although with recent progress in enhancement and modification of modern endoscopic equipment and technique, the options for treatment and subsequent access to the urinary system have expanded. Current options include extracorporeal SWL, percutaneous nephrolithotomy (PCNL), ureteroscopy (URS), laparoscopic and robotic-assisted pyelolithotomy, as well as more traditional open techniques.
Shock wave lithotripsy
While there are various types of machines, all models function in the same manner. Each is based on the principle of generating and focusing precise shock wave energy directed at the stone. The stone is subsequently fragmented, and the resulting pieces are passed. To limit stone movement and repeated repositioning, children are usually placed under general anesthesia, except for select older children in whom intravenous sedation may be used. SWL with the Dornier HM3 lithotripter (Dornier Medical Systems, Kennesaw, GA, USA) has been clinically available since the mid 1980s and has successfully been used to treat upper tract stones in children [15] (Fig. 4) . Although experience in the pediatric population is limited in comparison, initial series reported complication, stonefree, and safety rates similar to those in adults [19] . Complications are relatively minimal and range in severity from hematuria and ecchymosis to obstruction and sepsis.
Treatment choices overall are somewhat dictated by the experience of the surgeon. In treating renal stones, important variables including stone burden and renal anatomy are crucial in electing the most effective mode of management, as each factor will change the stone-free rate. There is near unanimity that SWL is currently considered the preferred therapy for small upper tract stones and even stones up to 15 mm with success rates approaching 75-80% [2, 9] . While stone burden and renal anatomy have been the focus of a multitude of studies, the most effective management for large lower pole stones has yet to be determined. SWL failure and relatively high retreatment rates (40%) are associated with increased mean stone burden in a few small retrospective studies [20] .
Staghorn calculi are those stones that fill the majority of the renal collecting system and are typically made up of struvite stones [28] . While staghorn calculi are fairly rare, they pose a unique challenge to urologists. Traditionally, SWL monotherapy success rates have been dismal in adults; however, the stone-free rates in children are surprisingly much higher. Taking into account the dis- The patient under anesthesia is partially submerged in a water bath that facilitates energy transfer of the sound waves focused on the stone using fluoroscopic monitoring advantages of the need for ureteral stenting and multiple sessions, SWL monotherapy is considered an acceptable treatment option in children due to the higher stone-free rates (~80%) [1] (Figs. 5 and 6) .
Treatment of proximal ureteral stones has achieved comparable success rates to renal stones in most pediatric series, though another consideration is the possible requirement of ureteral stenting to aid in localization of the stone as well as stone clearance. Mid to lower ureteral stones should be approached with caution when considering SWL therapy due to the potential for injury to reproductive organs [5] , as well as the difficulty in visualization of the stone overlying the pelvic bones.
In a recent review, SWL has proven to be of limited value in children with complex urological conditions when using the more widely available portable lithotripters. Children with no urological conditions experienced a stone-free rate of 67% in contrast to only 12.5% in those with pre-existing urological abnormalities [18] .
Even without the approval of the Food and Drug Administration (FDA), SWL is considered to be safe and efficacious, and even young children and infants can be treated safely [34] .
Ureteroscopy
Evolution and improvements in the miniaturization of endoscopic equipment along with the usage of the Holmium:YAG laser have enhanced the safety and efficacy of endoscopic treatment in management of urinary stones in children (Figs. 7 and 8) . URS is ideally suited for removal or fragmentation of distal ureteral stones. However, it has recently been used for management of small upper tract stones that are resistant to SWL or due to the inability to visualize the stone.
Adoption of techniques used commonly in adults such as use of a ureteral access sheath as well as balloon and sequential coaxial ureteral orifice dilation has made the pediatric ureter and kidney more accessible for endoscopic examination. Although these techniques have engendered caution regarding possible ischemic stricture formation and development of vesicoureteral reflux, the incidence of these sequelae is quite low [27] . With the advent of smaller ureteroscopes and improved optics, ureteral dilation is actually used quite infrequently [12] .
Ureteral stenting is an area of contention and controversy. Preoperative ureteral stenting is performed to dilate the ureter temporarily, with a return to the operating room within a few days if initial access to the ureter cannot be done safely. This technique is widely accepted, although it does require an additional anesthetic session; however, postoperative stenting still remains controversial. The decision to place a stent postoperatively is dependent on the experience of the surgeon and other aspects. Factors to consider in making this decision are based on the length of the procedure, number of passes with the instrument, and degree of visible ureteral trauma or edema at the conclusion of the procedure. While stenting may prevent postoperative obstruction, facilitate passage of small residual stones, and aid in the recovery of minor trauma to the 5 Pediatric ESWL stone-free rates based on size of the studies and location of the stones. Clearance of lower pole stones is significantly less efficient than other locations. Adapted from Smaldone et al., [30] ureter, children can experience significant discomfort from the stents.
Complications, while rare, range from hematuria and urinary tract infections to ureteral perforation and later stricture formation. Simple perforation can be managed easily with a temporary stent. Fortunately, more significant tears and avulsions are rarely encountered. Use of a stent with an extraction string permits an efficient option for temporary drainage without the need for a further anesthetic to remove the stent. This is generally well tolerated in all age groups.
Percutaneous nephrolithotomy
The introduction of percutaneous techniques in approaching renal stones in the late 1970s revolutionized treatment for large stone burdens. PCNL is performed once access into the collecting system is attained percutaneously, and sequentially dilating the tract over a wire. The stones are removed or fragmented under direct vision through a nephroscope. While technically challenging, the safety and efficacy of PCNL for large renal stones was well established in adults, although it was not until the late 1990s that special instrumentation was adapted for children [13] . PCNL is now an established approach in children with proven safety and efficacy as both monotherapy as well as in combination with SWL.
While there is no current international consensus, relative indications parallel those in adults including large stone burden (>15 mm) and SWL failure (Fig. 3) . Stone-free rates range from 68% up to 95%, with the higher stone-free rates seen in cases with use of multiple tracts as well as a staged approach, where percutaneous access is obtained initially, and then through the mature tract, the stone is fragmented a few days later [3, 25] . Complications include intraoperative bleeding requiring transfusion, injury to pelvicaliceal system, hydrothorax, as well as fever and sepsis.
Historically, lower pole access to the collecting system via a subcostal puncture was viewed as the safest approach. However, when performed by experienced and skilled endourologists, supracostal access to the upper pole of the kidney can be accomplished with a high degree of safety and efficacy [8] . Placement of a postoperative stent or nephrostomy tube varies among series, while subject to the experience of the surgeon and patient.
Laparoscopic and robotic-assisted pyelolithotomy
With continued advancements and sophistication in instrumentation and techniques, the role of laparoscopy in the treatment of urolithiasis in children continues to evolve. Specific scenarios where laparoscopy and robotic-assisted laparoscopy have been used successfully in adults are during concomitant treatment of ureteropelvic junction obstruction and primary treatment of large calculi. Only recently, this approach has been explored in children. Successful transperitoneal laparoscopic pyelolithotomy has been described in eight children who previously failed PCNL with no noted major complications [6] .
Although laparoscopic stone removal and concomitant pyeloplasty for ureteropelvic junction obstruction have been reported in a number of series in adults, experience in children still remains relatively new. Lee et al. described their initial experience of robotic-assisted laparoscopic pyelolithotomy with five procedures consisting of four patients with refractory cystine staghorn calculi and one child with concurrent ureteropelvic junction obstruction [16] . Four of these procedures were completed robotically with one case requiring conversion to an open procedure. Further studies are needed to determine if shorter operative times are achievable and if these procedures can be completed safely in children. Open surgical management of urolithiasis Surgical management of urolithiasis in children has evolved dramatically over the past few decades. While a substantial proportion of pediatric patients are not amenable to endoscopic or shockwave therapy, particularly in patients with anatomic considerations, with the advent of minimally invasive modalities, the need for open approaches has decreased [21] . With technological advancement, the necessity of open surgical management has become increasingly rare.
While bladder calculi are unusual in the industrialized country, they are most often encountered in bladders with anatomic or functional abnormalities as well as in children with underlying metabolic abnormalities. Bladder calculi are often large and had previously required open surgical removal via a suprapubic cystolithotomy. However, as technology evolves, even bladder calculi are now being treated with minimally invasive techniques [10] . Endoscopic treatment of bladder calculi is possible; however, controversy of this approach exists when following lower urinary tract reconstruction. Currently, open surgical approaches for treatment of upper tract urolithiasis are used even less frequently than in cases involving the lower urinary tract.
Conclusion
Urolithiasis in children is of diverse etiology requiring carefully planned, customized diagnostic and management strategies. Research continues to better define the risk factors for developing stone disease, as does the improvement in diagnostic capability. With current technical sophistication in SWL, endoscopic, as well as percutaneous and laparoscopic techniques, the reality of a safe, effective, and minimally invasive treatment for all cases of urolithiasis is becoming more attainable.
